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CHAPTER  I 

CHARACTERISTICS  OF  FAILURE  OF  SHIPS'  SCREW  PROPELLERS 

AND  MATERIALS  PRESENTLY  USED  IN  THEIR  MANUFACTURE 

Research  carried  out  in  the  Soviet  Union  and  abroad 
during  the  past  few  years  has  established  that  failure  of 
screw  propellers  of  all  types  of  ships  in  use  occurs  as 
a  result  of: 

1.  collisions  with  some  obstacles  (solid  objects), 
which,  when  propeller  material  is  not  sufficiently  ductile, 
lead  to  the  formation  of  large,  branched  cracks  and  even¬ 
tual  fracture  of  the  blades.  Propeller  blade  failure  is 
observed  most  often  in  oropellers  which  operate  in  shallow 
water  and  which  are  not  equipped  with  some  shielding 
devices,  as  well  as  in  propellers  of  ships  cruising  in 
waters  with  calved  ice. 

2.  electrochemical  corrosion-  processes.  This  type 
of  failure  takes  place  in  screw  propellers  of  seagoing 
ships  and  in  ships  which  serve  as  a  combination  of  sea¬ 
going  stdp  and  riverboat.  Screw  propellers  of  riverboats 
are  subjected  to  a  lesser  degree  of  corrosion  failure. 

3.  cavitation  erosion  processes,  arising  because  of 
friction  between  the  surface  of  propeller  blades  and  the 
water  stream  at  M«rh  circumferential  velocities,  as  well 
as  because  of  hydraulic  Impacts  due  to  the  "implosion"  of 
cavitation  bubbles. 

In  addition  to  the  above-mentioned  types  of  failure, 
which  have  been  thoroughly  studied  and  described  in  dome¬ 
stic  and  foreign  literature,  screw  propellers  operating 
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in  water  containing  suspended  abrasive  particles  wear 
under  the  action  of  these  particles.  In  most  cases, 
failure  of  ships'  propellers  occurs  under  the  combined 
action  of  several  of  these  factors,  for  example,  corrosion 
ana  erosion,  cavitation  and  aoraslon,  etc. 

The  principal  types  of  screw  propeller  failure  on 
seagoing  ships  and  riverboats  which  hav£  hot  been  adequately 
described  in  domestic  literature  are  described  below. 

1  •  Hydroabrasive  Wear  of  Screw  Propellers  on  Shallow 
Draft  Ships 

Screw  propellers  on  ships  which  are  used  in  shallow 
water  operate  under  more  severe  conditions  as  compared  to 
those  in  deep  water.  River  beds  of  shallow  areas  of  major 
rivers,  as  well  as  qf  shallow  rivers.,  are  contaminated 
with  obstructions  which  often  cause  breakage  in  screw  pro-  /8 
pellers . 

The  most  efficient  type  of  ship  propulsion  for  shal¬ 
low  water  is  water  jet  propulsion.  A  3  or  4--b  laded  wheel 
and  a  4  or  5-bladed  directing  apparatus  rigidly  installed 
in  the  shaft  of  the  water  supply  tunnel  are  usually  used 
for  this  purpose.  The  wheel  is  protected  by  a  grating  to 
prevent  breakage  in  the  event  of  collision  with  foreign 
objects.  As  a  rule,  the  speed  of  wheel  rotation  (500-700 
rpra)  does  not  exceed  the  maximum  permissible  speed  at  which 
the  circumferential  velocity  of  peripheral  points  on  the 
blade  (wheel  diameter  0.6-0. 7  m)  reaches  the  magnitude  at 
which  cavitation  oooura;  therefore,  cavitatlon-eroalon 
breakdown  i«  not  obaerved  on  working  wheola  In  water  Jet 
propulsion. 

Failure  of  water  jet  wheels  is  not  similar  to  that 
occurlng  as  a  result  of  corrosive  action  of  water  upon 
metal,,  determine  the  nature  and  extent  of  metal  fail¬ 
ure,  wheels  were  installed  in  both  water  jet  and  screw 
propeller  ships  used  under  the  same  conditions  in  shallow 
water. 

Wheel  1.  A  wheel  0.64  m  in  diameter,  with  a  disc 
ratio  of  0.66  and  a  variable  cross-section  pitch,  was 
installed  in  a  water-jet  propelled  pusher  tug  with  a  power 
rating  of  150  ho.  The  wheel’s  speed  was  668  rom.  Mater¬ 
ial  was  25k  steel.  Average  draft  of  the  ship-~0,5  m. 

This  pusher  tug  wa«-:  used  on  the  Angara  River  between 
Kezhma  and  St re Iks ,  624  km  apart.  The  prevailing  depth 
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Fig.  1.  Wear  of  the 
wheel  of  the  water-jet 
propelled  ship  after 
400  hours  of  operation 
in  shallow  water 
(wheel  1) . 
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Fig.  2.  Wear  of  the 
wheel  of  the  water- 
jet  propelled  ship 
after  850  hours  of 
operation  in  shallow 
water  (wheel  2) 


of  this  part  of  the  river  is  0.9-2. 5  m.  /8 

The  condition  of  wheel  surfaces  was  inspected  after 
400  hours  of  service.  It  was  found  that  tb'  suction  and 
delivery  surfaces  of  blades  did  not  have  any  traces  of 
failure.  The>  exit  and  peripneral  edges  were  also  in  good 
condition;  however,  considerable  metal  failure  was  observed 
along  the  complete  length  of  intake  edges  of  blades,  With 
the  exception  of  a  small  part  of  the  edge  at  the  blade 
roob  Metal  c.estruction  areas  15x250  mm.jn  size  were  of 
the  abrasive  wear  type,  with  clearly  pronounced  edge  scor¬ 
ing  (Fig.  1).  Measurement  of  the  thrust  change  with  the 
worn  wheel  showed  that  it  decreased  by  more  than  53#  «s 
compared  with  the  original  thrust. 

The  wheel  was  found  tb  be  unsuitable  for  further 
service  and  was  replaced 

Wheel  2.  For  further  study  of  wheel  blade  service 
life  under  shallow  water  conditions,  a  wheel  was  prepared 
by  welding  steel>*35  blades  to  a  hub  made  of  25L  steel. 

This  wheel  was  ir. stalled  on  a  water  jet  propelled  passenger 
ship  with  150  hp  *nd  0.5  m  draft.  The  dimensions  of -the 
wheel  (pitch,  diameter,  etc.)  were  almost  the  same  as 
those  of  the  first  wheel,  installed  on  the  pusher  tug.  /9 

Operating  conditions  were  also  similar  to  those  in  the 
previous  case. 
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Inspection  of  the  whsAl  after  850  hours  of  service 
showed  that  delivery  and  suction  surfaces  of  the  blades 
were  in  their  original  state,  without  noticeable  traces 
of  failure .  Also,  no  signs  of  failure  were  found  on  the 
peripheral  and  exit  edges;  however,  the  intake  edge  of 
the  blade  was  subjected  to  considerable  wear  (Fig.  2), 
similar  in  nature  to  that  described  above.  The  worn  areas 
were  300x75  mm  in  size  and  had  a  progressing  nature. 

Screw  propeller  3.  To  study  the  reasons  causing  ship 
propeller  failure  in  service  in  shallow  rivers,  a  study 
was  made  of  the  screw  propeller  of  a  150-hp  passenger  ship. 
After  only  20  hours  of  operation  in  a  shallow  part  of  the 
Yenlsey  River,  failure  signs  22x2.5  nun  in  size  were  observed 
at  the  intake  edge  of  the  blade.  The  suction  and  delivery 
surfaces  of  blades  remained  in  their  original  state. 

Because  the  screw  propeller  had  no  protective  screen,  dents 
appeared  on  the  intake  edges  of  blades,  caused  by  colli¬ 
sions  with  foreign  objects. 

Mlcrostructural  analyses  were  performed  with  specimens 
taken  directly  from  the  blade  of  wheel  1  after  400  hours 
of  operation.  These  specimens  did  not  have  signs  of  cavi¬ 
tation  or  corrosion  failure.  Chemical  composition  of  blade 
material  was  within  the  standard  composition  range  of  25L  /1G 

steel.  The  structure  of  the  analyzed  str  contained 
mainly  ferrite  and  a  small  amount  of  perl*.  ). 

The  intake  edgt.  of  the  blade,  directly  subjected  to 
strikes  of  abrasive  particles,  had  a  rough,  pitted  surface 
(Fi<.  3) •  The  deoth  of  individual  pits  reaches  3-4  mm 
and  their  area  18-20  mm  . 

The  peripheral  part  of  the  blade  is  worn  to  a  larger 
extent  than  the  part  adjacent  to  the  hub.  This  can  be 
explained  by  the  higher  circumferential  speeds  and  by  the 
effect  of  centrifugal  separation  of  solid  particles. 

Under  the  continuous  action  of  abrasive  particles  in 
areas  of  high  stress,  some  microscopic  cracks  appear,  which 
with  time  become  one  (Fig,  4).  This  explains  the  phenom¬ 
enon  of  metal  fracture  under  the  wedging  action  of  a  stream 
of  hydroabrasive  mixture. 

The  appearance  of  slip  bands  on  the  surface  of  the 
suction  part  of  "Che  blade  is  related  to  the  presence  of 
abrasive  wear  due  to  sliding  type  friction  of  abrasive 
particles  moving  in  this  area.  Inspection  of  blade  thick¬ 
ness  showed  that  the  thickness  decreased  slightly  as 
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Fig.  3.  Cross  section 
of  the  intake  edge  of 
the  blade  at  a  distance 
of  0.6  radius  from  the 
axis  of  the  hub  (x5) 


Fig.  4.  Cracks  in  a  cross  section  of  /II 

the  blade  edge,  developed  under  the 
action  of  a  hydrosbraslve  mixture  (x200) 


compared  with  original  dimensions;  however,  the  blade  wall  /jq 
thickness  decrease  did  not  exceed  1.0-1. 5#.  In  this  case,  '  4 
tha  nature  of  abrasive  wear  consists  of  cutting  off  micro- 
volumes  of  metal  by  moving  particles  of  sand-gravel  mix¬ 
ture  , 


The  Intake  edge 
to  i  Large  number  of 
icies.  As  a  result. 


of  the  blade  is  continuously  subjected 
concentrated  impacts  of  abrasive  part- 
maximal  stresses  appear  on  ralcrusecticnr 
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fig.  5*  Microplastic  deformations  /II 

in  a  cross  section  of  outer  layers 
of  intake  edge  of  the  blade  (xlOO) 


of  the  surface,  which  causes  plastic  def orrae*\ion  and  strain  /10 
hardening  of  the  outer  layer  of  metal.  Micl-oplastic  de¬ 
formations  lead  to  orientation  of  metal  grains  in  a  direc¬ 
tion  perpendicular  to  the  motion  of  solid  particles 
(Fig.  5). 

Microhardness  of  worn  intake  edges  was  measured  using 
a  PMT-3  device  equipped  with  four  sights,  located  at  a 
distance  of  2  mm  from  each  other,  with  an  indenter  load 
of  20  grams.  The  hardness  tests  determined  that  strength¬ 
ening  of  the  Intake  edge  under  the  action  of  abrasive  part¬ 
icles  reaches  high  values,  increasing  from  the  periphery 
to  the  root  of  the  blade*  The  depth  of  the  strain-hardened 
layer  varies  within  the  range  from  0.15  to  0.20  mm.  /\2 

Strengthening  of  suction  and  delivery  surfaces  of  the  blade 
did  not  take  place. 

Based  on  the  above  analyses,  the  mechanism  of  abrasive 
failure  of  ship  screw  propellers  and  wheels  operating  in 
shallow  waters  is  presented  as  follows:  during  operation 
the  ship’s  propeller  enters  a  water  stream  containing  a 
large  number  of  suspended  abrasive  particles  in  the  form 
of  sand-gravel  mixture.  The  intake  edge  of  the  blade  is 
subjected  to  a  lar«;e  number  of  concentrated  impacts  of 
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solid  psrticles  of  turbulent  pulsations,  the  kinetic 
energy  of  which  converts  into  deformation  strain  of  blade 
material.  During  this  phenomenon,  considerable  plastic 
defoliations  develop  on  separate  microsections,  accompan¬ 
ied  by  strain  hardening  and  subsequent  embrittlement  of 
the  surface  layer.  Progressive  strengthening  and  embrit¬ 
tlement  under  the  action'  of  a  stream  leads  to  the  forma¬ 
tion  of  cracks  and  fatigue  failure  of  the  deformed  areas 
and  therefore  to  the  removal  of  microsections  of  surface 
layer.  The  rough  surface  formed  at  the  initial  stage  of 
this  process  is  smoothed  by  the  continuous  action  of  the 
abrasive  stream,  as  if  ground.  Later,  this  process  is 
repeated. 

Some  very  insignificant  wear  of  suction  surfaces  is 
a  result  if  the  action  of  abrasive  particles,  which  destroy 
the  surface  by  scratching  and  by  cutting  off  microchips 
of  metal  as  a  result  of  friction  and  practically  do  not 
cause  any  strengthening  of  the  surface  layer. 

In  conclusion*  the  operation  of  ships4  propellers 
under  shallow  water  conditions  demonstrated  that  the  main 
reason  for  their  wear  is  the  mechanical  action  of  the  water 
stream,  containing  abrasive  particles  upon  the  intake 
edge  of  the  blade,  which  results  in  hydroabracivs  wear  of 
their  surface. 

6 .  Experimental  Study  of  Cavitation-Abrasive  Failure  /43 

of  Materials 


As  discussed  above,  failure  of  ship  screw  propellers 
occurs  as  a  result  of  the  combined  effect  of  several  fac¬ 
tors  which  are  very  difficult  to  reproduce  under  laboratory 
conditions  for  a  number  of  reasons.  Therefore,  the  most 
expedient  method  would  be  one  of  tests  under  service  con¬ 
ditions.  This,  however,  would  require  the  manufacture  and 
installation  on  ships  of  a  large  number  of  screw  propel- 
Lers  and  their  use  under  variable  conditions,  which  would 
be  very  expensive.  The  method  of  scale  modeling  also 
proved  to  be  unacceptable,  since  it  is  impossible  to  deter¬ 
mine  categories  of  scale  units  to  convert,  modeling  test  /44 
results  into  actual  results  /22/. 

At  the  present,  some  installations  hove  already  been 
created  and  some  are  being  developed  for  the  investigation 
of  wear  resistance  of  materials  under  conditions  approach¬ 
ing  those  of  actual  service  tests.  In  principle,  the 
existing  methods  of  laboratory  research  provide  for  separate 
study  of  cavitation-erosion,  corrosion  and  hydroabrasive 
resistance  of  materials  /J  ,  9,  21,  33.  3^.  33,  39/. 
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Methodology  of  testing  cavitation  erosion  resistance 

The  following  methods  and  equipment  are  used  in  test¬ 
ing  materials  for  cavitation  erosion  resistance: 

1.  Destruction  of  test  specimens  by  repeated  impact 
against  the  water  stream  in  a  special  impact-erosion 
stand  / 1,  39/*  In  this  test,  a  water  stream  under  constant 
pressure  is  directed  against  a  revolving  disc  with  specimens 
fastened  to  it.  The  following  parameters  remain  constant 
during  the  test:  circumferential  velocity,  shape  of  spec¬ 
imen,  water  stream  velocity,  nozzle  diameter,  and  the  dis¬ 
tance  between  the  nozzle  tip  and  specimens  being  tested. 

2.  Cavitation  destruction  of  materials  in  testing 
in  a  diffuser  /6,  3°>  36,  38/*  Test  specimens  are  placed 
within  a  stream,  the  cross  section  of  which  can  be  varied 
during  the  test;  as  a  result,  cavitation  develops  in  the 
area  where  the  specimens  are  fastened. 

3.  Destruction  of  materials  in  a  magnetostriction 
oscillator.  In  this  case  a  cavitation  zone  is  created 
directly  under  the  vibrating  specimen. 

Evaluation  of  test  results  in  all  these  cases  is  per¬ 
formed  by  measuring  the  specimen’s  weight  loss. 

Magnetostriction  equipment  of  various  systems  is 
widely  used;  it  is  superior  to  other  types  of  equipment, 
in  that  it  makes  it  possible  to  perform  miscellaneous  exper¬ 
iments,  including  investigation  of  destruction  kinetics 
and  of  the  effect  of  various  factors  on  the  rate  of  the 
cavitation  process.  The  most  important  advantage  of  a 
magnetostriction  device  is  its  high  cavitation  rate,  hence, 
shorter  time  needed  for  the  experiment. 

The  schematic  diagram  of  a  magnetostriction  oscillator 
used  in  the  experiments*  discu--ed  is  illustrated  in  Fig.  15. 

Nickel  pipe  2--3000  mm  long,  18  mm  In  diameter — serves 
as  a  vibrator.  Its  lower  end  is  screwed  into  the  specimen 
t,»  submerged  in  fluid.  Water  temperature  during  experiments 
was  maintained  within  the  range  20±2°C.  For  this  purpose,  /ko 
the  tank  with  fluid  was  cooled  by  running  water. 

Longitudine  L  vibrations  in  pipe  2  were  produced  by  an 
eV  et  c  ftr-M  c  field  ’’hi  oh  was  dvatTr5  ■  •  teti  on 
coll  2*  Vibrations  were  amplified  by  the  field  of  constant 
electromagnet  2*  This  amplifier-magnetostriction  oscil¬ 
lator  system  orovides  automatic  vibration  of  the  specimen 
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Fig.  15*  Schematic  representation 
of  a  magnetostriction  oscillator 


being  tested.  Vibration  of  pipe  2  occurs  under  rasonaao* 
conditions,  since  the  frecuency  of  alternate  field  (pulses) 
is  set  by  the  frequency  of  pipe  2’s  own  vibrations  through 
feedback  coll  8.  At  the  same  time,  electromotive  force  is 
induced  in  the~"feedback  coll  and  is  transmitted  to  the 
adapter  input  of  amplifier  6.  These  vibrations  are.  trans¬ 
mitted  to  the  oscillation  circuit  consisting  of  coil  2 
and  a  capacitor. 

Pipe  vibration  frequency  is  determined  by  its  dimen¬ 
sions  and  by  tho  weight  of  specimens  being  tested  and 
usually  is  within  the  ranee  from  70 00  to  8000  Hz.  To 
decrease  losses  to  eddy  currents,  which  cause  heating  of 
the  pipe,  a  narrow  slot  0.5  mm  wide  is  machined  along  the 
pipe  and  then  is  ♦'illed  with  an  adhesive. 

Pipe  2  is  cooled  by  water  flowing  along  its  walls 
from  tank  £  and  drawn  off  by  suction  pump  4, 

During  tests,  special  attention  was  paid  to  maintain¬ 
ing  constant  amplitude  of  pipe  vibration.  With  an 
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Fig.  16.  Aggressiveness  of  the 
medium  on  cavitation  erosion  In 
steels. 

x-x-x*  sea  water 
. — fresh  water 


Increase  of  vibration  amplitude,  the  rate  of  weight  loss 
also  Increases  /9/. 

In  the  experiments  discussed,  the  double  amplitude 
of  vibration  was  constant  and  equalled  0.0?  mm.  At  sfeoh 
an  amplitude,  accompanying  processes  such  as  oorrosion 
and  aotlon  of  abrasive  particles  are  suppressed.  This 
could  be  the  oause  of  errors  in  establishing  wear  resis¬ 
tance  of  various  materials.  For  example,  *he  oavltatlon 
resistance  of  18DGSL  steel  when  tested  with  a  magneto¬ 
striction  oscillator,  according  to  I.  P.  Kryakln  /24/ 
equals  that  of  20Khl3NL  steel;  however,  in  actual  servloe 
183DGSL  steel  proved  to  be  less  resistant  than  20Khl3NL 
steel  /33/. 

When  selecting  the  test  method,  we  studied  the  effect 
of  aggressiveness  of  fluid  on  cavitation  resistance  of 
earbon  stainless  steel.  Synthetio  sea  water  similar  in 
composition  to  Black  Sea  water  was  used  as  an  aggressive 
medium. 

As  can  be  seen  from  test  results  (Fig,  16) ,  the  ag¬ 
gressive  medium  has  a  great  effect  on  carbw-n  steel  and 
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considerably  lower  effect  on  stainless  steels.  In  Judging 
cavitation  resistance  by  total  weight  loss  in  3  hours  of 
testing,  it  was  determined  that  the  cavitation  failure 
of  materials  is  caused  mainly  by  mechanical  action,  «the 
rate  of  which  is  enhanced  in  a  corroei/e  -medium. 

When  processes  of  cavitation  and  corrosion  arc  slmul-  /47 
taneous,  the  chemical  composition  and  structure  of  the 
metal  play  a  considerable  role,  particularly  under  condi¬ 
tions  of  moderate  cavitation  action  intensity  /21/.  It 
is  q,ulte  possible  that  a  cavitation  pulse  strength  insuf¬ 
ficient  to  removs  metal  particles  might  be  sufficient  to 
destroy  an  oxidation  film  and  remove  oorroslon  products, 
and  therefore  to  enhance  tbe  corrosion  process. 

'  £  nua&er  of  references  /21,  33/  indicate  the  noncon¬ 
formity  of  laboratory  and  service  test  results  because  it 
is  impossible  to'1  exactly  take  into  aooount  the  corrosion 
factor  during  tho  cavitation  process. 

Consequently,  when  seleoting  a  method  of  relative 
tests,  the  oavitCvtion  resistance  of  materials  in  aggres¬ 
sive  media  should  be  investigated  first  and  then  the 
•elected  cavitation-resistant  materials  should  be  subjected 
to  additional  corrosion  tests. 

It  should  be  noted  that  the  relative  servioe  life  of 
materials  determined  by  testing  with  various  devices,  such 
mb  an  lmpact-orosion  stand,  diffuser,  or  magnetostriction 
oscillator,  coincide  pretty  closely  /l,  9/.  Quantitative 
difference  is  caused  by  the  varying  degree  of  intensity 
of  mechanical  action  on  metal  structure  with  mloroloading 
of  ^mtferial,  which  is  caused  ty  different  design  features 
of  test  equipment. 

Experimental  study  of  cavitation  abrasive  failure 
of  materials  on  an  ultraaonlo  testing  unit 

The  study  of  the  effect  of  abrasive  partloles  sus¬ 
pended  in  water  on  the  cavitation  erosion  of  a  screw  pro¬ 
peller  is  of  great  practical  Interest. 

S.  P.  Kozyrev  /23/  has  used  in  his  studies  of  cavi¬ 
tation  erosion  wear  a  unit  that  is  based  on  the  principle 
of  introducing  ultrasonic  vibrations  into  a  stream  of 
water  containing  abrasive  particles.  As  was  determined 
in  the  course  of  testing,  to  evaluate  the  effect  of  abra¬ 
sive  action  on  the  cavitation  wear  of  me  tala,  it  -mo  neces¬ 
sary  to  decrease  the  rat©  of  sedianical  removal  of  metal. 
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Fig.  17.  Effect  of  abraBive  particles  on 
cavitation  erosion  in  steels. 

x-x-x-  fresh  water  containing  abrasive  particles 
t  ,  »  fresh  water  without  abrasive  particles 


For  this  purpose  a  special  ultrasonic  unit  was  designed 
by  the  authors. 

The  unit  for  testing  cavitation  abrasive  wear  con¬ 
sists  of  a  magnetostriction  converter  packet,  with  a 
stainless  steel  concentrator,  shaped  like  a  cone,  soldered 
to  one  end.  The  testing  voltage  is  transmitted  to  the 
winding  of  the  packet  from  the  generator.  The  specimen 
being  tested  is  screwed  into  the  butt  of  the  concentrator. 

The  resonant  frequency  of  the  converter  in  the  unit 
is  21.7  kHz.  The  amplitude  of  vibrations  used  in  the 
study  was  0.020  mm.  Quartz  sand  with  a  grain  size  of 
0.1-0. 3  mm  was  used  as  the  abrasive  The  amount  of  wear 
was  evaluated  by  weight  loss  of  the  cpcwlmen.  Not  less 
that  3  specimens  of  the  same  material  were,  tested  under 
the  same  conditions. 

Comparative  tests  performed  in  the  above  unit  showed 
that  the  presence  of  abrasive  particle &  in  water  enhances 
oavitatlon  erosion  wear  of  carbon  steels,  but  )ns  less 
effect  on  chromium  end  manganese  alloy  steels. 

Fig.  17  illustrates  the  results  of  tests  on  carbon 
steel  (about  0.4#  C)  and  on  25Khl4G5  chromium-manganese 
steel  in  water  with  and  without  abrasive  particles.  As 
shown  in  Fig.  17,  the  weight  loss  of  carbon  steel  in  water 
with  abrasive  particles  increased  in  3  hours  of  testing 
by  18#  and  that  of  chromium-manganese  steel  by 
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The  presence  of  abrasive  particles  Increases  the 
Intensity  of  cavitation  erosion  wear  and  also  causas  a 
completely  different  type  of  specimen  wear.  This  wear 
occurs  deeper  Into  the  metal  and  Is  In  the  form  of  non- 
uniform  pitc ,  as  compared  with  the  more  uniform  wear  with¬ 
out  the  presence  of  an  abrasive. 

The  worn  surface  is  covered  with  pits,  nonuniform  In  /49 
depth,  0.05-0.08  mm  lit  diameter  with  hemtspherio  at toms. 
t,  cracked  bead  of  pressed  out  metal  Is  formed  around  these 
pits.  This  indicates  that  the  surfaci  of  metal  In  the 
cavitation  zone  was  subjected  to  additional  mechanical 
lmpaot/i  by  abrasive  particles.  Abrasive  perticles  whioh 
receive  additional  pulses  by  the  "Implosion"  of  cavitation 
bubbles  increase  metal  surface  wear. 


Is  was  shown  by  further  research,  a  qualitative  cor¬ 
respond  enoe  is  observed  in  tests  in  a  magnetostriction 
oscillator  with  a  frequency  of  7-8  kHz  and  0.Q70  mm  amp¬ 
litude,  and  in  an  ultrasonic  Unit  with  a  frequency  of 
18-22  kHz  and  0.020  mm  amplitude. 

The  quantitative  difference  in  the  results  of  the 
above  tests  is  caused  by  the  higher  frequency  and  smaller 
amplitude  of  specimen  vibration  in  the  ultrasonic  unit. 

In  addition,  an  insignificant  amount  oficweight  loss,  when 
testing  alloy  steels  in  the  ultrasonic  unit,  mads  it  quite 
difficult  to  establish  the  dependence  between  the  weight 
loss  and  the  amount  of  alloying  elements  in  steel.  Thus, 
in  selecting  a  test  method  for  determining  materials  resis¬ 
tant  to  the  combined  action  of  cavitation  and  abrasive 
particles,  the  test  in  a  magnetostriction  unit  should  be 
used;  however,  the  vibration  amplitude  should  be  increased 
to  0.070  mm,  frequency  decreased  to  7-9  kHz  and  materials 
should  be  additionally  tested  for  hydroabrasive  wear. 

Henoe,  the  brief  analysis  of  the  existing  test  methods 
and  the  comparison  of  experimental  results  and  actual  ser¬ 
vice  data?  as  well  as  laboratory  researoh,  made  it  possible 
to  select  the  following  methodology  for  studying  wear 
resistance  of  materials  for  ship  screw  propellers: 

1.  The  most  expedient  method  of  study  consists  of 
separate  investigation  of  cavitation  erosion,  hydroabrasive 
and  corrosion  reel stance  of  materials; 

2.  To  determine  tho  effect  of  the  corrosion  factor 
on  the  cavitation  erosion  wear  of  metals,  tests  should  be 
earned  c»'t  in  a  magnetostriction  oscillator  in  eca  rater; 


3«.  The  seleoted  materials  most  resistant  to  oavlta- 
tion  erosion  and  hydroabrasive  wear  should  be  additionally 
tested  for  corrosion  resistance  in  sea  water. 

7.  The  Effect  of  Alloying  Elements  on  Wear  Resistance 
In  Steal 

In  references  /!/  and  /2/,  by  I.  N.  Bogachev  and 
R.  I.  Mints,  data  are  presented  on  oavitatlon  resistance 
of  30KhlOGrlO  chromium-manganese  steel.  As  a  result  of 
experimental  and  theoretical  studies,  it  was  determined 
that  manganese  austenite  possesses  a  3r*gh  resistance  /50 

to  cavitation  erosion.  However,  the  above  references  do 
not  present  sufficient  substantiation  for  selecting  a 
chromium-manganese  steel  composition  most  suitable  for 
screw  propellers  operating  under  particularly  severe  con¬ 
ditions  of  cavitation,  corrosion  and  action  of  abrasive 
particles. 


L.  3.  Malinov  and  T.  D.  Byamond  studied  the  cavitation 
resistance  of  chromium-manganese  alloys  containing  less 
than  0.t%  C  /27/.  They  gave  recommendations  for  ieieoting 
cavi ta  1 1 on-re  si s t ant  materials  with  ihereased  corrosion 
resistance;  however,  application  of  steels  recommended  by 
the  authors,  for  screw  propellers  may  not  be  expedient  due 
to  the  difficulties  in  producing  steels  with  low  carbon 
oontent.  Melting  of  ouch  steels  would  require  the  use  of 
carbonless  ferro-alloys,  whioh  would  lnorease  their  cost. 
Reference  /3ty,  by  D.  A.  Prokoshkin,  I.  P.  Zudin  et  al, 
contains  little  information  about  wear  resistance  of  ohro- 
raium-manganese  steel.  This  reference  provides  only  inform¬ 
ation  oonoerning  the  effect  of  alloying  elements  on  tho 
corrosion  properties  of  Khl8G5  steel. 

The  lack  of  publishedridata  on  the  effeot  of  alloying 
elements  on  cavitation,  hydroabrasive  and  corrosion  wear 
resistance  of  chromium-manganese  steel  made  it  necessary 
to  jonduot  a  special  experiment.  The  results  oftthis 
rase aroh  ar$  is^cussed  below. 


Cavitation  erosion  real stance 

Tho  result 0  of  testing  otoels  with  various  amounts 
of  alloying  elements  are  given  in  Table  7  and  weight  loss 
klnatico  in  Pig.  18.  The  data  given  in  Pig.  18a  show 


containing  9.69#  iln  and  Or  (boat  No.  23*53).  With 

further  increase  of  chromium  e®s£ont,  weight  losses  increase 


■Table  7 
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Results  of  oavltatlon  resistance  tests 
of  chromium-manganese  steels 


Heat 

numbers 

Content  of  principal 
alloying  elements,  % 

Average  weight  loss  (mg) 

In  time  (hours) 

C 

Si 

Ifn 

Cr 

1 

2 

3 

total 
for  3  hrs 

2351 

0.21 

0.55 

10.71 

6.15 

0.9 

4.1 

9.3 

14.3 

2352 

0.21 

0.54 

10.03 

9.75 

0.9 

1.7 

4.1 

6.7 

2353 

0.21 

0.52 

9.69 

13*40 

0,2 

1.7 

3.5 

5.4 

2354 

0.19 

0.56 

10.64 

16.95 

2.1 

6.1 

7.4 

15.6 

2355 

0.19 

0.54 

9.69 

20.65 

It.  8 

21.0 

26.0 

58.8 

162 

0.42 

0.74 

9.75 

9.95 

0.5 

0.6 

2.7 

3.8 

163 

0.42 

0.73 

9.5$ 

11.40 

0.7 

0.5 

2.0 

3.2 

164 

0.47 

0.69 

9.12 

12.95 

0.4 

0.5 

1.5 

2.4 

165 

0.46 

0.64 

8.90 

14.17 

0-3 

0.5 

2.0 

2.8 

542 

0.20 

0.42 

8.0 

13.40 

0.3 

2.7 

4.1 

7.1 

543 

0.21 

0.42 

10.53 

13.13 

1.1 

3.4 

4.2 

8.7 

544 

0.21 

0.38 

14.0 

12.65 

3.2 

3*3 

4.2 

10,7 

9971/1 

0.35 

O.69 

3.67 

13.55 

0.6 

1.6 

2,5 

4.7 

9971/2 

0.3$ 

0.70 

8.02 

13.22 

0.6 

1.5 

2.4 

4.5 

9971/3 

0.38 

0.71 

10.74 

12.82 

0.2 

1.5 

3.8 

5.5 

9971/4 

0.4  7 

6.71 

13.30 

12.49 

0.6 

1.3 

3.0 

4.9 

861 

0.30 

2.03 

3.64 

12.70 

0.5 

0,7 

2.4 

3.6 

340 

0.35 

1.13 

7.83 

13.80 

0,6 

0.6 

1.6 

2.8 

9503 

0.23 

0.59 

8.48 

13.65 

2.4 

2.8 

3.8 

9.0  1 

9543 

0.25 

0.88 

7.35 

13.34 

0.4 

1.2 

3.5 

.  H  ! 

and  with  a  chromium  content  of  20.65$  Cr  weight  loss  / 

reaches  58*8  nig.  Surface  wear  of  specimens  made  of  this 
steel  Is  the  greatest,  reaching  0.2-0. 3  mm  in  depth.  Wear 
Is  nonuniform  in  the  surface  area  of  the  specimen. 

Among  steels  with  increased  carbon  oontent  (heats 
162-165)*  the  highest  cavitation  resistance  Is  also  pos¬ 
sessed  by  steel  containing  up  to  13$  Cr  (heat  No.  164, 

Pig.  18b). 

Our  results  confirm  data  obtained  by  X.  a.  Kryanin 
/24/  concerning  optimum  cavitation  resistance  of  chromium 
and  chromium-nickel  stool  containing  13$  Cr;  however,  some 
references  give  different  data.  For  example,  X.  N.  Bogachev 
and  B.  X.  Mints  /i,  2/  consider  that  the  optimum  amount  of 
chromium  to  provide  cavitation  reel stance  in  steel  is 
about  10$. 


Weight  loss,  a g  ~  Weight  lose 


The,  greater  cavitation  resistance  of  chromium-man-  /51 
ganese  steel  containing  up  to  14#  Cr  1*  explained  by  the 
fact  that  chromium  in  such  amounts  provides  for  the  high¬ 
est  degree  pf ^alloying  without  causing  structural  hetero¬ 
geneity  (i.e.  an  increase  in  the  amount  of  structurally 
free  ferrite),  which  oauses  the  lower  oavitacion  resist¬ 
ance  of  steel. 

Figures  18c  and  d  and  Table  7  illustrate  the  results 
of  oavltation  resistance  tests  of  chromium-manganese 
steel  with  varying  manganese  content.  When  steel  contains 
0.2#  C  and  not  more  than  14#  Cr  (heats  No.  542-544),  *n 
increase  in  manganese  content  from  8  to  14#  lowers  the 
cavitation  resistance  of  the  steel. 

In  steels  containing  0.4#  and  more  carbon  (heats 
No,  9971/1-9971/4)  the  increase  of  manganese  content  does 
not  affect  cavitation  resistance  noticeably.  However, 
also  in  this  oase,  the  steel  containing  8.02#  Kn  and  /53 

13.22#  Cr  (heat  No.  9971/2)  possesses  higher  cavitation 
resistance.  This  is  explained  by  the  fact  that  as  manga¬ 
nese  content  increases,  the  austenite's  stability  is 
raised.  This,  on  the  other  hand,  decreases  the  capacity 
of  steel  to  strengthen  during  the  initial  (incubation) 
period  of  cavitation,  hence  weight  losses  i’/crease. 

Ibe  experiments  showed  that  the  optimum  manganese 
content  in  steel,  containing  0.20-0.30)1  C  and  12-14#  Cr, 
is  from  7  to  9#. 

Reference  /27/  states  that  a  decrease  of  cavitation 
resistance  is  observed  with  an  increase  of  manganese 
content  from  11  to  18#  in  steel  containing  10#  Cr  and 
about  e.  1#  C.  As  a  result  of  tests  it  was  determined 
that  ..noroase  of  carbon  content  in.  steel  from  0*1  to  0.4# 
and  more  (with  Mn  content  7-9#  end  chromium  content  12-14#) 
leads  to  a  noticeable  increase  in  cavitation  resistance; 
however,  the  same  tests  showed  that  an  increase  of  carbon 
content  above  0.3#  lowers  the  weldability  of  chromi  un- 
manganese  ateel.  In  addition,  difficultly  soluble  somplex 
carbides  of  the  Meg-jCg  type,  formed  in  steel,  require  heat¬ 
ing  to  a. higher  temperature,  which  is  difficult  to  achieve 
under  industrial  conditions  and  also  results  in  a  distor¬ 
tion  of  casting  shape  during  heat  treatment.  Thus,  the 
optimum  carbon  content  in  chromi ua-manganoee  steel  is  con¬ 
sidered  to  bo  0.20-0.28#,  taking  into  consideration  the 
combination  of  technological  proportleo  and  cavitation 
erosion  resistance. 
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1%  is  known  that  of  all  alloying  elements,  silioon 
increases  the  wear  resistance  of  ferrite  in  steel  most 
noticeably*  Test  results  for  chromium-mangimese  steel 
with  vitriou??  silicon  contents  are  shown  in  Pig.  I8et  and 
the  chd&fcfeal  composition  of  these  steels  is  shown  in  Table  ?. 

Xn  steels  containing  0.23-0.25#  C,  with  the  same  man¬ 
ganese  and  chromium  content,  an  increase  of  silicon  content 
fron  0.59  to  0.88#  lowers  weight  losses  in  cavitation  ero-  /54 
sion  wear  from  9.0  to  5*1  mg  (heats  No.  9503  and  95^3) • 

The  highest  cavitation  resistance  is  possessed  by  steel 
containing  0.35#  C,  8.3#  Mn,  13*8#  Cr  and  1.13#  31  (heat 
No.  340).  It  should  be  noted  that  an  Increase  of  silicon 
content  in  steel  above  1#  is  not  desirable,  since  it  leads 
to  an  intolerable  decrease  in  notch  toughness  (below  3.0 
kg-m/cm2 ) . 

To  study  the  effect  of  structure  on  cavitation  resist¬ 
ance  of  chromium-manganese  steel  in  industrial  heats,  tests 
were  carried  out  with  specimens  prepared  from  large  Ingots. 

Table  8  and  Pig.  19  illustrate  test  results  of  three 
heats  of  steel  containing  various  amounts  of  manganese 
(heats  No.  8716,  8717  and  8695).  Test  specimens  were  pre¬ 
pared  from  ingots  130  mm  in  diameter  in  a  basic  induction 
furnace,  150  kg  capacity.  Prior  to  testing,  specimens 
were  subjected  to  low  annealing  at  680°C  for  three  hours 
to  reduce  residual  stresses  and  Improve  maohi  liability . 

The  miorostruoture  of  the  steels  tested  is  shown  in  Pig.  20. 

Prom  data  given  in  Fig.  19  it  can  be  determined  that 
of  all  heats,  the  highest  cavitation  resistance  is  possessed 
by  steel  of  heat  No.  8717,  containing  0.28#  c,  0.36#  Si, 


ms 


Pig.  19*  Results  of 
cavitation  tests  of 
chromium-manganese 
stool  in  sea  water. 
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Pig.  20.  Microstructure  of  chromium- 
manganese  steel  (z500):  a.,  heat  No.  8695* 

b.  heat  No.  8?1 7;  c.  heat  No,  8716. 


6.85#  Mn,  and  iyfo  Cr.  The  struoture  of  this  steel  con-  /5^ 
slsts  of  gamma- phase ,  a  small  amount  of  alpha-phase  and 
carbides  In  globular  shape  (Pig.  20b). 

The  martensitic-ferritic  steel  of  heat  No.  8716 
(Fig.  20o)  had  maximum  weight  losses  and  the  deepest  wear, 
with  worn  areas  nonunlformly  distributed  on  the  surface 
area.  The  heterogeneous  structure  of  steel  in  such  a  state 
caused  the  appearance  of  fool  of  cavitation  erosion  wear 
after  35-^0  minutes  of  testing. 

The  steel  of  heat  No.  8695  contained  a  lower  amount 
of  carbon  than  the  steel  of  heat  No.  8717;  however,  the 
higher  laanganoso  content  in  this  steel  shifts  the  steel 
into  the  s;ons  of  gasrsa-phaso  and  does  not  result  in  a 
heterogeneous  structure.  This  steel  has  a  large  amount 
of  ferrite  (Fig.  20a)  an  compared  with  otool  of  heat  /«6 


20 


8S36 


/57 


Pig.  21.  Results  of  chromium-manganese  cavita¬ 
tion  tests  in  fresh  water. 


No.  8717  (Pig.  20b)  This  lowers  the  oavitation  resistance  /56 
of  the  steel. 

The  results  of  cavitation  tests  in  fresh  water  of 
ohroai urn-manganese  steel  with  various  oontent  of  Cr,  Mn 
and  C  are  shown  in  Table  9  and  Pig.  21. 

Test  speoiaens  were  prepared  froa  Ingots  150  aa  in 
diaaetor.  As  in  the  preceding  case,  specimens  were  annealed 
for  three  hours  at  680-700°C  before  machining. 

The  results  obtained  indicate  that  steel  of  heat 
No.  8714,  containing  0.27*  C.  8.05*  Mn  and  14.30*  Cr,  pos¬ 
sesses  the  highest  oavitation  resistance.  Relatively  high 
oarbon  oontent  provides  high  cavitation  resistance  of  /57 
steel  with  chromium  oontent  above  13.5*-  The  structure 
of  this  steel  consists  principally  of  austenite  with  small 
areas  of  ferrite  along  grain  boundaries. 

As  compared  with  steel  of  heat  No.  8714,  specimens 
of  heat  No.  8713  possess  lower  cavitation  resistance,  in 
spite  of  higher  oarbon  oontent,  which  contributes  to 
Increased  gamma-phase  formation  in  steel.  This  io  explained 
by  the  higher  chromium  content  of  heat  No.  8^14-  (14.30*) 
as  compared  with  heat  No.  8713  (9*38*) •  Hence,  the  amount 
of  chromium  contained  in  oteol  is  a  determinant  for  cootir- 
ing  high  cavitation  rooictanco  in  both  00a  and  fresh  rater. 

With  a  dooroauo  in  cartoon  content  in  steel  to  0.1 9* 


a 


(heat  No,  8694) ,  the  amount  of  alpha-phase  in  the  metal 
structure  increases,  which  results  in  higher  weight  loss 
in  tests. 

Prom  the  analysis  of  test  results  of  steel  specimens 
of  heats  No.  8$97  and  87 18  it  follows  that  Increasing 
chromium  content  to  abovo  18£,  with  a  manganese  oontent  of 
5. 0-6. 5%  and  that  of  carbon  of  0.25-0.28jf,  results  in  an 
Increase  in  weight  loss  by  a  factor  of  more  than  four. 

Some  difference  in  cavitation  resistance  of  steels  in 
heats  No.  8697  and  8718  with  approximately  the  same  ohem- 
ical  composition  is  explained  by  individual  characteristics 
of  microstructures  of  these  steels.  More  favorable,  in  /58 
respect  to  cavitation  resistance,  is  the  structure  of  steel 
in  heat  No.  8718,  where  carbide*  are  uniformly  distributed 
along  grain  boundaries  and  fihe  grains  are  homogeneous. 

This  provides  for  higher  wear  resistance.  Steel  in  heat 
No.  8697  is  characterized  by  an  accumulation  of  carbides 
at  grain  boundaries  and  nonho&ogeneity  of  grains.  Thus, 
weight  losses  in  cavitation  tests  exceed  that  of  heat 
No.  8718  steel  by  a  factor  of  1.5. 

Highest  weight  losses  were  observed  in  tests  of  heat 
No.  8696  steel.  These  losses  are  explained  by  low  oarbon 
and  manganese  oontent  (0.1 6#  and  6.04#).  Thia  steel  oon- 
slsts  mainly  of  alpha-phase,  some  amount  of  gamma-phase 
and  initial  carbides. 

We  also  carried  out  comparative  cavitation  resistance 
tests  in  sea  and  fresh  water  of  steels  with  varying  con¬ 
tents  of  ohromium  and  manganese. 

As  seen  in  Table  10  and  Pig.  22,  the  difference  in 
the  weight  loss  of  corrosion  resistant  iKhl8N9T  steel  in 
sea  and  fresh  water  is  Insignificant  (heat  No.  8677). 

Similar  conclusions  can  also  be  made  in  respeot  to 
steel  of  heat  No.  8714,  containing  8.05#  Mn  and  X4.3#  Cr. 

In  spite  of  the  lower  carbon  content  in  steel  of  heat 
No.  8694,  as  oompared  to  steel  in  heat  No.  8714,  this  steal 
lost  twice  as  much  weight  in  sea  water  as  it  did  in  fresh 
water.  This  1b  explained  by  its  low  chromium  content, 
which  ic  insufficient  to  provide  high  cavitation  resistance 
in  00a  water. 

fief ©rone©  /39/  by  V.  V.  Fomin  also  states  that  the 
optimal  content  of  chromium  ir.  austenitic  ehromlum-mansanece 
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Table  10  /58 

The  effect  of  aggressiveness  of  sea  and  freah  water 
on  cavitation  resistance  of  steel*  with  various 
oontenti  of  alloying  elements 


Content  of  principal 

Average  weight  losses 

Heat 

alloying  elements 

(mg)  in  time 

(hr) 

Medium 

. - 

• - 

total 

No. 

C 

Si 

Mn 

Cr 

1 

2 

3 

(for  3 

1 

hours) 

8694 

Sea  wt 
Fresh  w. 

0.19 

0.53 

12.2 

9.91 

0.9 

0.5 

9.0 

3.8 

9.6 

5.1 

19.5 

9.2 

8677 

Sea  w. 
Fresh  w. 

Corresponds  to 
standard  composition 
of  lKhl 8N9T  steel 

13.5 

12.5 

30.7 

25.0 

2  5.5 
28.4 

69.7 

65.9 

8714 

Sea  wr. 
Presh  w. 

0.27 

0.40 

8.05 

14.30 

2.4 

2.9 

3.0 

2.1 

2.6 

2.1 

8.0 

7.1 

Pig.  22.  The  effeoc  of 
an  aggressive  medium  on 
the  cavitation  resistance 
of  chromium-manganese 
steel.  *sea  water, 
♦♦fresh  water 


,  min. 


st&el  is  14$.  With  a  chromium  content  bolow  12$  t-ho  /59 

resistance  of  steel  to  electrochemical  corrosion  decreases, 
which  also  lowers  resistance  of  stool  to  mlcroispact  action 
during  cavitation. 

As  a  result  of  studies  of  the  cavitation  resistance 
of  ©hremiim-mangaaeoo  stool  of  various  composition  and 
structure ,  it  \;as  determined  that: 


1.  with  an  increase  of  chromium  content  from  12  to 
14#,  the  cavitation  resistance  of  chromium-manganese  steel 
also  increases.  When  steel  contains  more  than  l4£  Cr  the 
amount  of  ferrite  increases,  forming  an  almost  continuous 
network  along  austenite  grains  and  even  separate  ferrite 
areas.  Thl  4  leads  to  a  C ©crease  in  cavitation  reslftMmce 
of  steel; 

Th*  optima,  chromium,  or  Sent  is  about  14#. 

2.  vhe  highest  cavitation  resistance  is  possessed 
by  chromium-manganese  steel  containing  7-9#  Kn$ 

3.  an  increase  of  carbon  content  in  chromium-manga¬ 
nese  steel  up  to  0.3.8-0.40#  results  in  an  increase  in  oavi- 
tation  resistance; 

4.  at  a  silicon  content  of  up  to  1.0#  the  necessary 
ductile  properties  and  high  cavitation  resistance  are 
retained. 

Beslstance  to  hydroabrasive  wear 

The  amount  of  surface  wear  of  screw  propeller  blades 
operating  in  shallow  water  with  a  hydroabrasive  mixture 
depends  on  the  following  factors: 

1.  physical-chemical  properties  of  abrasive  particles, 
such  as  density,  hardness  and  grain  shape; 

2.  the  number  of  hard  particles  colliding  with  a 
surface  area  unit  per  time  unit  and  the  duration  of  their 
action; 


3.  velocity  of  the  stream  containing  the  hydroabra¬ 
sive  mixture; 

4.  physical  and  mechanical  properties  of  blade  mate¬ 
rial; 

5.  quality  of  blade  surfaces  maintained  in  the  course 
of  exploitation,  ice.  surface  roughness. 

Du©  to  tho  lack  of  sufficient  data  on  wear  resistance  /60 
of  chromium-manganese  steels,  go  well  as  the  lack  of  quant¬ 
itative  characteristics  of  tho  effect  of  alloying  elements 
on  tho  intensity  of  hydroabraoivo  wear,  it  was  necessary 
to  perform  a  special  experiment,  in  this  experiment, 
units  tiara  wood  which  provided  for  different*  types  of 
material  wear  in  a  hydroabraoivo  medium. 


Unit  No.  l  (Pig.  23a),  in  which  specimens  revolve  la 
a  stationary  hjrdroabrasive  medium,  is  for  studying  compa¬ 
rative  wear  resistance  of  materials.  Ine  advantage  of 
this  unit,  as  well  as  of  the  units  described  below,  is 
their  small  size,  hence  low  consumption  of  abrasives,  and 
no  need  for  special  circulation  devices  with  pumps,  tanks 
and  other  bulky  equipment. 

The  drawbacks  of  these  units  include  nodulizlng  end 
breaking  up  of  abrasive  particles  during  the  test,  as  well 
as  indeterminacy  of  the  relative  velooity  of  abrasive  part- 
ioles  in  respect  to  specimens;  therefore,  in  tests  using 
these  units  the  wear  resistance  of  different  materials  was 
determined  in  relative  units. 

Unit  No.  i  consiste  of  a  cylindrical  tank,  detachable 
along  the  diameter,  and  a  chamber,  inside  of  which  test 
specimens  2  are  fastened  to  flanges  on  the  shaft.  Specimens 
are  made  in  the  shape  of  cylinders,  10  mm  in  diameter, 

100  mm  long.  This  specimen  shape  makes  it  pdssible  to 
study  hydroabrasive  wear  under  conditions  of  abraBive  part¬ 
icle  impact  against  the  cylindrical  surfaces  and  at  the 
same  time  under  conditions  of  frlotion  along  the  butt  sur¬ 
faces,  which  to  some  degree  imitates  screw  propella.!:  ser¬ 
vice  conditions.  The  speed  of  rotation  can  be  changed  via 
multi step  pulleys  Ju 

Eased  on  experimental  researoh,  the  test  methodology 
was  developed  and  other  test  conditions  determined,  such 
as  mixture  concentration  and  test  duration.  Tests  were 
carried  out  at  a  constant  rotation  speed.  Test  duration 
was  3  hoars,  with  the  hydroabrasive  mixture  changed  each 
30  minutes.  Mixture  concentration  was  180  grass  per  liter, 
which  prevented  its  motion  together  with  the  specimens. 

Six  to  eight  specimens  were  te  tod  simultaneously.  One  of 
the  specimens,  made  of  type  St.  3  stool,  was  considered  to 
be  a  standard.  Throe  specimens  of  each  material  were 
tested.  Evaluation  of  t?oar  extent  was  determined  by  cal¬ 
culating  weight  loss  with  an  accuracy  of  up  to  0.1  mg. 

The  ratio  of  the  weight  less  of  the  standard  specimen 
to  that  of  tho  specimen  beirg  tooted,  taking  into  account 
thoir  Initial  weights,  was  considered  to  be  tho  wear  resist¬ 
ance  factor.  Weight  loss  was  calculated  aa  an  average  lose 
froa  six  toots. 

Unit  No.  i  was  ai-o  need  for  studying  material  woos 
resistance  under  conditions  of  vm-.r  duo  to  impacts  of  spec- 
imonCi  against  a  stream  of  water  containing  abrasive 


Pig.  23.  Uni to  for  tooting  hydrcabrasiv©  wear: 


a.  Unit  No.  1: 

1.  Quit i stop  pulley;  2.  test  specimen;  3*  dif¬ 
fuser  for  feeding  hy&reabrasiv©  mixture; 

k.  ultrasonic  attachment; 

b.  Unit  No.  Zt 

l.  electric  motor;  2.  external  chamber;  3*  lid; 
4.  internal  chamber;  5.  toot  opooime m; 

c.  Unit  No.  3s 

t*  electric  motor;  2.  toot  opoeiffiono;  3.  hydro- 
abrasive  tiixturo ;  4.  x-ovolvijag  cylinders. 


particles  (impact  erosion  wear).  For  this  purpose  water  / 62 

was  fed  under  constant  pressure  to  diffuser  to  which 
an  exact  amount  of  abrasive  was  fed  through  a  measuring 
funnel.  Then  the  hydroabrasive  mixture  was  fed  to  spec¬ 
imens  being  turned  by  an  electric  motor,  causing  their 
wear. 


Unit  No.  2  (Fig.  23b)  makes  it  possible  to  perform 
tests  at  various  speeds  simultaneously.  In  this  unit, 
cylindrical  rods  10  mm  in  diameter  were  used,  with  cylind¬ 
rical  specimens  20  mm  Jn  diameter  and  in  height  fastened 
at  their  ends.  The  distance  between  the  specimens  and  the 
wall  of  the  cylindrical  chamber  is  small,  which  contributes 
to  the  decreased  abrasive  mixture  displacement  behind  the 
specimens.  In  addition,  stationary  specimens  were  instal¬ 
led  for  the  same  purpose. 

The  mixture  temperature  was  kept  constant  by  cooling 
it  with  water,  circulating  in  external  ohamber  2.  Tho 
speed  of  specimen  rotation  was  changed  either  by  placing 
specimens  into  the  external  ohamber  tin  whloh  case  the 
internal  chamber  served  as  a  cooler)  or  by  changing  the 
speed  of  the  3-speed  electric  motor  J.,  Up  to  12  specimens 
were  tested  simultaneously  in  one  chamber.  Linear  speed 
of  speolmen  motion  in  chamber  4  was  11.3  m/seo,  vend  in 
chamber  2,  l6.4  m/sac. 

The  most  intensive  wear  ocoured  when  the  hydroabrasive 
mixture  contained  50$  water  and  50$  quartz  sand  by  volume. 
Experiments  with  the  same  set  of  specimens  were  repeated 
three  times  and  the  amount  of  wear  was  calculated  os  an 
average  value  of  three  tests.  Each  test  lasted  4  hours, 
after  whloh  the  hydro? oraalve  mixture  was  replaced. 

Unit  Ho.  3  (Fig.  23c)  was  designed  for  testing  wear 
resistance  under  conditions  of  impact  loading.  It  can  be 
used  with  fastened  or  free  specimens.  Tests  were  carried 
out  in  four  cylinders  4  simultaneously,  with  a  cylinder 
rotat}  speed  of  60  rpm.  All  specimens  were  tested  three 
times.  Bach  test  lasted  4  hours.  Cylindrical  opeoimana 
wares  20  mm  in  diameter  and  height  and  thelz'  edges  were 
rounded  off  to  an  edge  radius  of  5  mm. 


Hydroabrasive  mixture  consisted  of  rounded  gravel  5 
to  11  mm  in  size,  quartz  sand  with  a  grain  size  of  0.4-0, 4? 
M3  and  water,  in  a  proportion  of  4;  1 1 5  by  volume .  The 
cylinder  uas  filled  before  the  teat  to  60$  of  its  height 
and  hydreabraul vo  mixture  wao  replaced  after  each  teat. 


The  effect  of  ghrwd jum.  Test  results  for  cylindrical  / 


Fig.  24.  The  effect  of 
ohr omlum  on  hydroabrasive 
wear  resistance  of  steel; 
a.  0.19-0,21#  C,  9.7-10.7# 
Kn,  0.5#  Si;  b.  0.38-0.4?# 
C,  8. 9-9. 7#  Mn,  0.7#  Si. 
Tests  in  Unit  No.  1. 

A  -  as  cast;  0  -  cooling 
in  air  from  1100-il50°C; 

9  -  quenching  in  water 
from  1100-1150°C. 


specimens  in  Unit  No.  1  are  shown  in  Fig.  24.  Ir.  these 
tests, quartz  sand  with  a  grain  size  of  0.1-0.25  mm  was 
used.  Concentration  of  hydroabrasive  mixture  was  180  grams 
por  liter  and  rotation  speed  was  1500  rpm.  Test  specimens 
were  prepared  by  investment  casting.  The  skin  of  the  spec¬ 
imens  formed  in  casting  and  heat  treatment  was  removed  and 
the  surface  was  cleaned  with  fine  emery  cloth  until  a 
metallic  luster  was  obtained. 

An  analysis  of  test  results  shows  that  among  steels 
containing  0.19-0. 21#  C  and  9.7-10.7#  Mn,  the  highest  wear 
resistance  after  cooling  from  1100°C  in  air  is  possessed 
by  specimens  with  a  chromium  content  within  a  range  from 
10  to  14#  (Fig.  24a).  The  same  types  of  steel,  either  as 
oast  or  after  quenching  in  water  from  1100°C,  possess 
increased  wear  reolot&no©  with  a  ohroaium  content  of  about 
10#. 


The  greater  wear  resistance  of  specimens  after  cooling 
in  air  from  11©0°C  *  explained  by  the  fact  that  with  the 
lower  cooling  rate,  ^ ^  compared  with  quenching,  the  steel 
contains  a  greater  amount  of  uniformly  distributed  carbides, 
having  mostly  globular  shape.  After  quenching  in  water 
from  1100°C,  the  ami  ,nt  of  austenite  in  steel  increases  and 
tho  amount  of  carbides  decreases.  This  results  in  a  doorcase 
in  the  wear  resistance  of  steel  under  conditions  of  hydro- 
abrasive  wear . 

In  the.  structure  of  vho  specimens  as  cast,  an  accumu¬ 
lation  of  coarse -grain  carbides  and  north amoga noi  ty  of  micro- 
structure  were  observed,  which  led  to  decreased  wear  re¬ 
sistance 


The  sharp  decrease  In  wear  resistance  of  steel  con¬ 
taining  over  15#  Cr  is  explained  by  the  noticeable  increase 
in  the  amount  of  free  ferrite. 

Chromium-manganese  steel  containing  0,38-0.47#  c 
att  staff  maximum  wear  resistance  with  about  13#  chromium 
content,  both  as  cast  and  after  heat  treatment  (Pig.  24b). 

With  an  increase  of  chromium  content  to  above  14#,  a  de¬ 
crease  in  wear  resistance  was  observed.  In  such  a  case,  /64 
as  well  as  when  carbon  content  is  low,  the  highest  wear 
res! stance  of  steel  was  attained  after  cooling  In  air  from 
1150°C. 

Test  results  also  showed  that  an  inorease  of  carbon 
content  in  steel  from  0.2  to  0.4 7#  results  In  a  decrease 
in  wear  resistance.  The  relative  wear  resistance  of  steel 
with  0.2#  C  exceeds  that  of  steel  containing  0.47#  C  by  a 
factor  of  i.}U 

In  order  to  approximate  the  laboratory  test  results 
to  tests  under  actual  service  conditions,  a  study  of  hydro¬ 
abrasive  wear  resistanoe  was  carried  out  using  specimens 
prepared  from  large  castings  (industrial  melts)  in  Unit 
No.  2,  with  a  lower  intensity  of  impact  actfcoA  of  hydro- 
abrasive  mixture  as  compared  With  the  teste  in  Unit  No.  1. 

Such  conditions  correspond  with  the  operation  cf  low-draft 
ships  in  shallow  water  with  a  sandy  bottom. 

Test  specimens  were  prepared  from  ingots  60  mm  in 
diameter,  oaat  in  sand-clay  molds.  Cast  Ingots  ware 
quenched  in  water  from  1I00°C.  After  this  heat  treatment, 
ingots  were  machined  to  the  size  of  specimens  for  hydro- 
abrasive  tooting  and  investigation  of  microstructure. 

Specimens  were  tested  at  a  linear  speed  of  16.4  m/sec. 

Figure  25  illustrates  the  relative  wear  of  steel 
specimens,  with  varying  chromium  content  at  a  carbon  con¬ 
tent  of  0,11-0.31#  and  manganese  content  of  approximately 
7#.  Toot  lasted  on©  hour.  As  saon  from  the  data  in 
Pig.  25a«  specimens  containing  0.11#C  had  maximum  wear  and 
specimens  containing  from  0.22  to  0.24#  C  had  minimum  wear. 
Among  otools  containing  0.11#  C,  maximum  wear  resistance 
was  posoesaod  by  stools  containing  12-13#  Cr;  when  carbon 
content  was  0.22-0.24#,  higher  resistance  was  shown  toy 
stools  containing  7-8#  Cr.  In  prolonged  tests  (over  20 
hours)  this  regularity  does  not  change.  In  measuring  hard¬ 
ness  in  o  KIT-3  tasting  machine,  with  a  20-gram  load  on 
the  indentor,  it  wao  do  term!  nod  thr.it  after  tost  lag  in  Unit 
No,  2  the  yi  crohardn»<os  of  the  surface  layer  increases*  lee  a 
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Fig.  25.  The  affect  of  chromium  on  the  hydro- 
abrasive  wear  resistance  of  steel. 

Toots  In  Unit  No.  2;  a.  tost  specimen  wear 
In  ©no  hour  of  testing?  b.  and  c.  average 
value  of  T<©ar  resistance  of  specimens  after 
20  h©ui/3  of  tooting. 

d.  tests  In  Unit  No.  3. 

0  -  O.USfci  A  -  0,22-0.2*$  Q;  u  -  0.36-0.31$  Q, 
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than  after  testing  in  Unit. No.  1.  This  indicates  the  lower  /64 
Intensity  of  abrasive  mixture  action  in  Unit  No.  2.  Thus, 
under  those  conditions  whereby  in  the  process  of  hydro¬ 
abrasive  was,?  maximum  hardening  takes  place  (operation  on 
a  sand-gravel  bottom),  the  optimum  chromium  content  (with 
0. 2$  C)  will  be  its  lower  amount,  i.e,  10-12$.  Under  con¬ 
ditions  where  the  intensity  of  impact  action  is  low  (sandy 
bottom) ,  it  is  expedient  to  increase  chromium  content  to 
above  12$.  The  optimum  wear  resistance  will  be  observed 
with  a  chromium  content  of  12-14$.  Further  increase  of 
ohromium  content  to  above  15$  leads,  as  well  as  in  Unit 
No.  1,  to  decreased  wear  resistance  because  of  the  increase 
in  the  amount  of  free  ferrite  in  the  microstructure  of 
Bteel , 

After  testing  in  Unit  No.  2,  th»*.  same  specimens  were  /66 
V>3ted  under  conditions  of  Impact  load  application  in  Unit 
Ho,  3.  The  specimens  were  not  fastened  at  the  bottom  of 
the  oylinders.  Tests  lasted  20  hours,  but  the  specimens 
were  weighed  after  each  three  hours. 

Ao  seen  from  Fig.  25d,  test  specimen  wear  decreases 
with  increase  in  chromium  content  from  5  to  12$, at  the  same 
rate  both  for  steels  containing  0.11$  C  and  those  contain¬ 
ing  0.22-0.24$  C.  In  steels  containing  0.26-0.31$  C,  an 
increase  in  chromium  content  does  not  affect  wear  resist¬ 
ance.  With  further  increase  in  chromium  content,  specimen 
wear  decreases  sharply.  This  can  be  explained  by  the  fact 
that  with  an  increase  in  carbon  oontent  from  0.11  to  0.31$, 
the  amount  of  gamma-phae©  in  steel  structure  increases, 
while  the  stability  of  auatenite  also  increases  with  an 
increase  in  ohromium  contont  above  12$.  This  assumption 
is  confirmed  by  the  results  of  microhardness  measurements 
of  surface  layers  before  and  after  the  tests. 

Hydroabrasive  teats  were  also  performed  in  Unit  No.  3 
in  synthetic  ooa  water  of  Black  Sea  composition.  Duration 
of  tests  was  60  hours.  In  each  24  hours  of  tests  the  spec¬ 
imens  w era  in  motion  for  ?  hours  and  stationary  the  root 
of  the  time. 

These  testa  showed  that  t7ban  the  corrosion  factor  was 
prevalent ,  the  optima  content  of  chromium  and  earbon  were 
12-14$  and  up  to  0.2$,  respectively . 

Tests  carried  out  in  different  units  allow  us  to  con¬ 
clude  that  the  casting  okln  has  a  favorable  effect  on  the 
increase  of  wear  resistance  under  comditionu  of  hvdxoabra- 
Rlvo  tjoar.  For  example,  specimens  prepared  by  invoutuent 


casting  possessed  the  higher  wear  resistance  In  all  oases. 
This  Is  due  to  the  fact  that  the  surface  layer  of  the 
specimen  has  a  fine-grain  alcrostructure  (7-8  In  the  GOST 
scale)  to  a  depth  of  1.2  sm,  while  the  oore  of  these  spec¬ 
imens  consisted  of  larger  grains  (2-4  on  the  GOST  scale). 

In  addition,  the  density  of  the  oxidation  film  of  cast 
■specimens  Is  higher  than  that  of  machined  specimens.  This 
Is  of  considerable  importance  under  service  in  a  oorroslve 
medium. 

The  effect  of  oarbon.  Carbon  content  in  chromium- 
manganese  steel  has  a  substantial  effect  on  its  wear  resist 
anee  under  conditions  of  hydroabrasive  wear.  It  was  shown 
earlier  that  depending  on  wear  conditions,  an  increase  of 
oarbon  oontent  in  steel  results  in  individual  cases  in  r 
increase  of  the  relative  wear  resistance.  This  is  part 
ioularly  pronounced  under  conditions  of  impact  load  appli¬ 
cation. 
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Pig.  26,  Effect  of 
carbon  on  the 
hydreabrasivo  re¬ 
sistance)  of  stool* 
a.  toots  in  Unit 
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Ho.  2;  b.  toots  in  Unit  Ho.  3* 


In  Pig.  26a,  generalised  data  are  presented  on  the 
effect  of  carbon  content  in  toots  in  Unit  Ho.  2  and  in 
Pig.  26b,  in  tests  in  Unit  Ho.  3. 

Ao  a  result  of  teats  in  Unit  Ho.  2  (Fig.  26a),  it  mo 
determined  that  tho  optimum  cartoon  content  i a:  0.20-0.28$ 
C  with  6-1 4$  Cr  and  with  about  7$  I'in. 


3 

in 


Under 
3,  tho 


oondltiono 
relative  hi 
carbon  wn fcoisfc  frej 
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nr  f.via  doorcacod  with  an  inoreaoe 
0.1  to  «*.•;>  (PI o,  26b), 
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Fig.  27.  Effect  of  iganganese  on  hydroabrasive 
wear  resistance  of  steel:  a.  tests  on  Unit 
No.  1,  spooisena  of  stool  with  about  0.2$  C 
and  about  13$  Cr;  b.  also  Unit  No.  1.  opaoiRcno 
of  steel  with  about  0.42$  C  and  about  13$  Cr; 
c.  tests  on  Unit  No.  3,  specicons  of  steel  with 
about  0.2$  C  and  about  12$  Cr. 

©  -  as  oast;  d  -  air  cooling  frca  11 00-11 50°C; 
o  -  quenching  in  water  froa  1100-1150°C 


The  of  foot  of  mnaanooo.  Steels  containing  0.2$  C»  /6? 
ab  out^r cr  and  5-1  ^$Knw®re  tested  in  Unit  No.  1.  Steels 
with  highor  carbon  content  (about  0.42$)  were  also  tooted. 

In  both  eaocs  the  wear  resistance  of  stool  basically  inorcaooo 
as  canganooo  content  is  increased  to  7-9$  (Fig.  27a).  An 
ozcdption  is  stool  containing  0.2$  C  after  quenching  in 
water  froa  1100°C.  The  wear  resistance  of  this  stool 
increases  with  an  increase  of  mnganooo  contont  to  12$. 

Tb©  increase  of  austeni to  stability,  related  to  th© 
increase  of  manganoso  content  to  above  12$,  leads  to  a 
doorcase  in  wear  resistance  uf  chrorii un-ica ncane 00  stools. 

Tho  pro  sc  nee  of  a  largo  mount  ©f  carbides  in  stool  con¬ 
taining  0.42$  C  after  air  cooling  froa  11^0°  0,  loads  to 
tho  highest  resistance  of  this  stool  t'f- ir.  27b). 


foots  in  Unit  No.  3  doaonstratcJd  n  decrease 


in  wear 


resistance  of  stool  containing  about  0.2$  C  and  12$  Cr 
with  an  inerbae©  in  manganese  content  from  3  to  16$  (Pig. 
27o).  This  proves  once  more  the  assumption  made  above  that 
manganese  austenite  stability  Improves  @s  manganese  content 
increases. 

Hence,  the  test  results  obtained  under  various  condi¬ 
tions  of  hydroabrasive  wear  make  it  possible  to  conclude 
that  the  optimum  manganese  content  in  steel  which  contains 
about  0.2$  C  and  13$  Cr  is  7-°$. 

The  effect  of  silicon.  The  tests  of  chromium-manganese 
stee l“ope cl'mens  containitfjg  about  0.25$  C,  14$  Cr  and  7$ 
in  Unit  No.  1  established  the  favorable  effect  of  silicon 
oontent  increase  from  0.3  to  1.4$  on  hydroabrasive  wear 
resistance  of  steel  specimens  (Fig.  28). 


Fig.  28.  The  effect  of  silicon  on 
hydrcabrasiva  wear  resistance  of  steel. 
Tests  in  Unit  lie.  1.  Specimens  of 
stool  with  about  0.25$  C,  about  14$  Cr, 
and  7$  Un. 


Corroni on  Resistance 


The  purpose  of  this  research  was  to  do term! no  the 
corrosion  raol stance  of  chromium-manganese  steel  with  vary¬ 
ing  content  of  chromium,  manganoeo  and  carbon.  Tho  study 
of  corrosion  resistance  rakes  it  possible  to  correctly 
do  tormina  which  stool  should  bo  selected  for  ooro;j  propel¬ 
lers  in  service  under  conditions  of  ©cabined  action  of 
cavitation  and  corrosion. 


Corrosion  reaiotaueo  of  steel  uao  determined  by  ©bung- 
ins  the  oloctrodo  potential.  This  evaluation  of  corrosioa 
refil  stance  by  oluctrc-de  potential  Lny  be  used  only  for 


preliminary  testing.  Sea  water  of  the  same  composition  as 
Black  Sea  water  was  used  as  an  electrolyte.  The  galvanic 
circuit  was  composed  of  five  test  specimens  made  of  various 
steels  of  the  same  heat  and  a  saturated  calomel  comparison 
electrode,  connected,  through  an  intermediate  vessel,  with 
a  saturated  solution  of  potassium  chloride,  by  electrolytic 
keys  filled  with  a  saturated  solution  of  KC1  and  sea  water. 

The  steady  potential  of  each  of  the  specimens  was 
measured  with  a  typ8  PFT'fM  high-resistance  potentiometer. 
Measurement  precision  was  within  ±5  Mv. 

Chromium-manganese  steels  were  tested,  the  microstruc¬ 
ture  of  which,  after  quenching  in  water  from  1100-1150°C, 
was  both  two-phase  (alpha  +  gamma)  and  austenitic  mono¬ 
phase  . 


Pig.  29.  The  effect  of  chromium  on 
change  of  the  electrode  potential  of 
chromium-manganese  steels  in  sea  water: 
1.  0.45$  C,  9#  Mn;  2.  0.28#  C.  7#  Mns 
3.  0.24#  C.  7#  Ha;  4.  0.11#  C,  ?#  Hn. 


A  study  was  made  of  the  effect  of  chromium  on  change 
in  electrode  potential  of  chroal un-manganese  steel,  rela¬ 
tive  to  a  calomel  electrodes,  in  sea  water  (Fig.  29)*  From 
this  study,  it  was  doterminod  that  the  corrosion  resist¬ 
ance  of  otoels  with  a  constant  manganese  content  depends 
mainly  on  the  content  of  chroaiua  and  carbon.  In  all 
oteels  studied,  when  chromium  content  way  increased  from 
5  to  8#,  the  corrosion  resistance)  increased  to  approximately 
tho  f'nr;y  extent.  At  a  ch?03it*a  content  above  8#,  electrode 
potential  values  depend  principally  on  the  carbon  consent 
in  stools. 


In  steel  containing  0.1#  C  (heat  Mo.  4),  the 


/?o 


passivation  phenomenon  (the  attainment  by  steel  of  a  con¬ 
stant  electrode  potential  value)  tabes  place  in  sea  water 
at  a  chromium  content  of  about  10.5#*  This  steel,  by  the 
way,  has  the  highest  potential  of  all  steels  studied. 

Steels  containing  about  0.45#  C  possess  lower  corrosion 
resistance  (heat  No.  1).  Although  their  electrode  potential 
becomes  constant  at  a  chromium  content  of  about  10#,  its 
value  is  only  one-third  that  of  specimens  of  heat  No,  4, 
containing  0.1#  C* 

It  should  be  noted  that  heating  of  heat  No.  1  spec¬ 
imens  during  heat  treatment  was  carried  to  a  higher  temp¬ 
erature  than  that  of  carbide  diffusion  (1150°C),  so  prac¬ 
tically  no  carbides  were  observed,  i.e.  solid  solution 
impoverishment  by  chromium  did  not  occur.  However,  the 
corrosion  resistance  of  steel  with  increased  carbon  content 
was  lower  than  that  of  the  steels  in  heats  No.  2-4. 

The  data  in  Fig.  29  made  it  posciible  to  establish 
that  chromium-manganese  steels  attain  a  stable  electrode 
potential  at  a  chromium  content  of  about  13#,  regardless 
of  carbon  content;  therefore,  further  increase  of  chromium 
content  does  >not  change  the  corrosion  resistance  of  steel. 

An  increase  of  ohromium  content  to  above  18#,  with  ©  carbon 
oontant  of  0.1#,  sharply  raises  the  amount  of  alpha-phase 
in  the  structure,  which  results  in  the  appearance  of  spot 
oorrosion. 

According  to  F.  F.  Khimushin  /40/,  the  high  content 
of  manganese  in  type  18-8  ohromlum-manganose  steels  Impairs 
corrosion  resistance  in  eoa  water  as  compared  with  type 
18-8  chromium- nickel  steel.  Wo  studied  the  corrosion  re¬ 
sistance  of  ohromi urn-manganese  steel  containing  0.20-0.45#  c, 
about  13*5#  Cr  3.5-lo#  Hn. 

Analysis  of  the  change  in  electrode  potential  in  rela¬ 
tion  to  manganese  content  (Fig.  30)  showed  that  increasing 
manganese  content  up  to  10#  does  not  noticeably  change  the 
corrosion  resistance  of  chromium-manganese  steel.  At  a 
manganese  content  above  10#  the  corrosion  resistance  of  the 
steel  deteriorates  slightly. 

As  will  be  shown  below,  our  research  f\ 8/  established 
the  favorable  effect  of  adding  a  alight  amount  of  titanium 
to  stoe 1  (0.05-0.1#)  on  the  mechanical  properties  and  cavi¬ 
tation  resistance  of  chrowl urn-manganese  stool . 

Steels  alloyed  with  titaaiun  also  possess  relatively  / 
high  oorrosion  rest  stance. 
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Pig*  30.  Effect  of  manganese  on  change 
in  the  electrode  potential  of  chromium- 
manganese  steel  in  sea  water. 

o  -  0.35#  C,  13*5#  Cr;  ©  -  0.32#  C, 

11#  Cr;  x  -  0.2#  C,  13.5#  Cr. 


The  comparison  of  data  given  in  Fig.  29  shows  that 
heat  No.  3  steel,  containing  0.04#  Ti  and  10.5#  Cr,  is  more 
resistant  to. corrosion  than  steel  of  heat  No.  2,  which 
does  net  contain  titanium  (with  12.3#  C£). 

The  effect  of  steel  structure  on  corrosion  resistance 
ms  investigated  using  specimens  in  an  as-cast  state  (with¬ 
out  heat  treatment)  and  after  water  quenching  from  1100°C. 

Test  specimens  were  prepared  by  investment  oasting.  Spec¬ 
imen  surfaces  were  cleaned  with  emery  doth  before  testing. 

The  mi cr ©structure  of  steel,  as  cast,  consisted  of 
alpha-  and  gamma-phaoe,  with  carbides  present  along  grain 
boundaries.  Mlcroetruoture  of  the  surface  layer  of  spec¬ 
imens  consisted  of  elongated  fine  grains.  In  some  areas, 
clearly  expressed  structural  nonhomogeneity  (dendritio  /? 2 
segregation)  was  observed,  with  large  equiaxial  grains. 

As  a  result  of  tests,  it  was  established  that  the  fine 
grain  structure  of  the  surface  layer  of  cast  specimens 
favorably  affects  corrosion  resistance  of  steels  containing 
up  to  11#  Cr.  With  further  increase  in  chromium  content, 
to  above  11#,  the  cast  steel  possesses  lower  corrosj on  re¬ 
sistance  (Fig.  31)  as  compared  to  heat  treated  steel. 

This  i 0  probably  caused  by  the  impoverishment  by  chromium 
of  the  solid  solution  due  to  the  presence  carl a do 2  in 
east  steel. 

As  a  result  of  research  on  the  corrosion  resistance  of 
steel  with  various  contents  of  alloying  eioments,  the  fol¬ 
lowing  conclusions  were  made ; 
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Fi g.  31 •  Effect  of  structure  on  change 
in  electrode  potential  of  chromium- 
manganese  steel  in  sea  water. 

x  -  0.21#  C,  10.2#  Mn,  as  cast? 
o  -  the  same  after  quenching  in  water 
from  1100°C 


1.  To  secure  high  corrosion  rr Jistance  of  chromium-  /?2 
manganese  steel, in  sea  water,  the  chromium  content  should 

be  at  least  12#; 

2.  The  optimum  carbon  content  in  corrosion- resistant 
steel  is  considered  to  be  0.1-0. 2#; 

3.  Addition  of  titanium  to  steel  (0.05-0.1#)  results 
In  some  increase  in  corrosion  resistance; 

4.  Heat  treatment  of  steel,  i.e.  quenching  in  water 
after  annealing  at  a  temperature  higher  than  the  temperature 
of  carbide  diffusion,  also  enhances  its  corrosion  resist¬ 
ance. 

16.  Corrosion  Resistance  of  Steel  /106 


Specimens  of  25Khl4G8T  steel  were  tested  in  a  stream 
of  synthetic  sea  water,  corresponding  in  composition  to 
water  of  the  Black  Sea. 

The  sea  water  was  prepared  through  reactions  of 
chemically  pure  reagents  with  distilled  water  The  overall 
salinity  of  the  \?at®r  was  2.2#.  Tho  surface  area  of  the 
samples  was  about  3  dm*2,  and  the  volume  of  the  water  about 
20  liters.  The  water  was  changed  twice  a  week. 

Corrooi on  resistance  in  the  stream  was  measured  in 
terms  of  weight  loss  of  the  eaupley  before  and  after  toots. 
Tooti was  dee  on  a  spindle  apparatus  with  a  specimen 
velocity  in  \jaecsr  of  lb  y/see,  which  rt  yonbles  to  extent 

tbo  operating  conditions  of  «  *cr«v/  propeller. 


The  duration  of  the  corrosion  tests  in  a  current  was 
usually  250  hours  /8,  9/ ,  Study  of  the  effects  of  stop¬ 
ping  the  spindle  apparatus  showed  that  the  corrosion  rate 
of  ferrous  metal,  and  especially  of  stainless  steels, 
increases  significantly  when  the  samples  are  allowed  to 
remain  stationary  for  some  period  of  time.  In  order  to 
determine  the  role  of  the  corrosion  factor,  the  length  of 
comparative  experiments  was  extended  up  to  1000  hours, 
with  the  test  specimens  being  in  motion  410  hours. 

Studies  of  the  effect  of  the  sea  water  stream  on  oor~ 
rosion  resistance  of  25Khl4G8T  steel  were  oonduoted  using 
cast  s/pecimens  whioh  were  cooled  in  air  from  1100°G  before 
machining.  Tests  were  simultaneously  conducted  on  spec¬ 
imens  of  St.  43  carbon  steel,  widely  used  in  the  manufac¬ 
ture  of  ships'  hulls, and  on  specimens  of  30KhlOG10  cavi¬ 
tation-resistant  steel. 

The  ohemicftl  composition  of  tested  steels  and  the 
results,  obtained  are  given  in  Table  23.  As  seen  from  this 
table,  the  25Khl4G£T  oteel  possesses  high  corrosion  resist¬ 
ance,  exceeding  that  of  30Khl0G10  steel  by  a  factor  of  4.3. 

The  data  from  tests  of  corrosion-resistant  steels 
used  for  screw  propellers  of  sea-going  ships  (lKhl4ND  /10? 
chromium  steel;  lKhl8N9T,  QKhl?N3G4D2T,  Kh23Nl8  and  other 
austenitio  ohromium-nlckel  steels)  show  that  the  corrosion 
rate  of  austenitic  stainless  steel,  at  various  sea-water 
ourrent  velocities,  remains  practically  the  same  and  is 
independent  of  current  flow  velocity  within  the  range  from 
2  to  16  m/sec .  The  average  corrosion  rate  of  these  steels 
(based  on  tests  of  250  hours)  is  0.005  mm/year. 

The  oorrosion  rate  of  0Khl7N3G4D2T  austenitic  steel 
is  slightly  increased  when  subjected  to  a  stream  velocity 
of  16  m/sec,  to  0.008  mm/yr.  The  corrosion  rate  of  iKhl4ND 
steel,  whan  subjected  to  on  Increased  ourrent  velocity  from 
8  to  16  m/nec,  doubles  and  amounts  to  0.013-0.014  mm/yr. 

In  25Khl4G8T  steel  an  Increase  of  water  stream  volo- 
clty  from  8  to  16  m/oec  roaults  in  an  increase  of  corrosion 
rate  by  2.2  times,  and  at  a  velocity  of  16  m/sec  tho  cor¬ 
rosion  rate  is  0,024  mm/yr. 

The  results  of  these  experiments  confirmed  earlier 
studies  of  the  corrosion  resistance  of  chromiua-Eansanase 
steels  containing  over  12#  Cr.  The  relatively  high  re¬ 
sistance  to  corrosion  of  these  steels,  *?h en  subjected 
to  an  increase  in  current  velocity  within  the  range  2-16 
a/sso,  io  explained  by  the  rather  strong  protective  surface 


Table  23 
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film  on  steels  containing  more  than  12#  Cr.  As  the  sea 
water  stream  velocity  is  increased,  this  film  not  only 
does  not  break  down,  but,  on  the  contrary,  is  quickly  re¬ 
stored  at  damaged  areas  due  to  the  intensified  supply  of 
oxygen. 

Less  resistant  to  corrosion  are  steels  containing  less 
than  12#  ohromium,  for  instance,  30Khl0310  steel.  This  is 
due  to  an  insufficiently  strong  surface  film,  formed  at  a  /1C 
lower  chromium  content  and  a  higher  carbon  content.  In 
the  experiment,  the  film  was  worn  more  easily  by  the  sea¬ 
water  Btream. 

Our  results  confirmed  the  results  obtained  by 
V.  A.  Delle  /5 /,  in  which  it  was  determined  that  only  alloys 
containing  1 2%  or  mor'  chromium  had  a  high  corrosion  re¬ 
sistance  in  oxidizing  media.  Alloys  containing  leas  than 
12-19#  Cr  are  insufficiently  passivated  in  a  sea-water 
stream,  therefore  thoir  corrosion  resistance  is  relatively 
low. 


17.  Corrosion-Fatigue  Strength  of  Steel 

Ship  screw  propellers  operate  under  conditions  of 
varying  stress  and  corrosion,  especially  when  operating 
in  sea  water,  so  materials  used  in  the  manufacture  of  ship 
propellers  must  have  adequate  oorrosl on-fa tigue  strength. 

During  both  normal  and  corrosion- fatigue  failure, 
microscopic  cracks  appear  which  gradually  expand,  leading 
to  oudden  brittle  fraoturo.  Corrosion-fatigue  failure  is 
characterized  by  extensive  cracking  in  the  area  of  stress 
concentration. 

The  fatigue  process  in  a  corrosive  medium  is  charac¬ 
terized  by  the  absence  of  a  fatigue  limit;  the  process 
depends  on  the  cycle  duration,  i.e.  on  the  basis  for  its 
beginning  (a  certain  number  of  cycles). 

Corroeion-fatiguo  failure  occurs  ao  the  resui;  of  the 
simultaneous  action  of  mechanical  and  corrosive  factors, 
and  one  may  visualize  it  in  the  following  manner  /9/i 

Local  mlcroplastlo  deformation  loads  to  lower  resist¬ 
ance  to  oxidation  of  mierovoluaoo  of  metal,  which  io 
enhanced  by  the  action  of  the  corrosive  medium,  and  which 
facilitates  the  escape  of  ions  from  the  aotol  into  the 
solution.  This  leads  to  the  formation  und  expansion  of  /i 
fatigue  era© ko  of  eorroui va -uaehani cal  origin. 


IXcr&cal  ccppositlon  and  physical  properties  of  25Khl4G8T  steel 
'xits^zatQd  to  corroalon- fatigue  resistance  tests 


*  * 


The  chemical  composition  of  24Khl4G8T  steel  and  the  /109 
mechanical  properties  of  specimens  subjected  to  corrosion- 
fatigue  tests  are  shown  in  Table  24. 

Experiments  were  conducted  using  specimens  8.5-10*0  mm 
in  diameter  on  MUI-6000  fatigue  testing  machines  at  6000 
rpm.  The  samples  were  in  the  shape  of  bars  25x25x350  mm 
in  size,  prepared  by  investment  casting.  The  metal  was 
melted  in  a  basic  induction  furnace  with  a  40  kg  capacity. 

Before  machining,  the  specimens  were  subjected  to  heat 
treatment — quenohing  from  1100°C  in  water.  The  specimens 
had  a  groove  15  mm  In  radius  running  lengthwise  down  the 
middle.  This  groove  provided  a  smooth  transition  from  the 
working  part  of  the  specimens  to  the  part  turned  to  a  dia¬ 
meter  of  8.5-10.0  mm;  it  also  prevented  the  action  of 
stress  concentrators  during  tests. 

The  corrosive  medium  was  a  3%  solution  of  NaCl  in  tap 
water,  imitating  sea  water.  The  circulation  rate  of  the 
solution  remained  constant  at  about  10  1/hr;  tests  wore 
based  on  10?  cycles. 

The  results  of  the  corrosion- fatigue  tests  of  steel 
are  given  in  Pig.  46.  As  seen  in  Fig.  46,  the  fatigue  limit  /110 
of  steel  under  normal  atmospheric  conditions  is  46-48 
kg/mm2,  while  the  corrosion-fatigue  limit  on  a  base  of  10? 
cycles  in  a  3%  saline  solution  is  18-25  kg/om2. 

As  a  comparison,  we  include  the  test  results  of  come 
steels,  according  to  data  in  reference  /37/  by  K.  N.  Sokolov. 

The  corrosion  strength  of  lKhl4ND  steel,  in  testing  on  a 

basis  of  10?  cycles,  was  equal  in  air  to  25  kg/mm2  and  in 
a  3 %  NaCl  solution  to  16  kg/mm2.  For  2Kh!3N  stool  the 
corresponding  figures  are  22  and  14  kg/mm2.  For  18DGC 
steel  they  are  30  and  12  kg/mm2. 

Thus,  experiments  have  shown  that  25KH14G8T  steel  has 
a  sufficiently  high  resistance  to  corrosion-fatigue  failure. 

It  is  known  that  stress  concentrators  in  the  fora  of 
keyways,  sharp  changes  in  croso-section,  etc.,  result  in  a 
decrease  in  the  fatigue  resistance  of  metal  parts.  The 
value  of  the  fatigue  limit  in  this  case  depends  m  the 
geometric  fora  of  the  notch  and  the  sensitivity  of  the 
material  to  stress  concentrators.  Specimens  with  a  stress 
concentrator  had  a  sharp,  circular,  V-shaped  notch  2.5  to 
in  depth  and  with  a  corner  radius  of  0.1  to. 
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Fig.  46.  Corrosion- fatigue  strength 
of  steel:  1.  tests  in  air  (heat 
No.  570);  2.  tests  in  a  3%  NaCl  sol¬ 
ution  (heat  No.  570);  3*  same  as 
curve  2  (heat  No.  524/1). 


Under  identical  conditions,  smooth  and  notched  cpoe- 
imens  of  25Khl4G8T  steel,  10  mm  in  diameter,  were  tooted 
in  air  and  in  &  3%  solution  of  NaCl. 

The  results  obtained  demonstrate  that  a  decrease  of 
fatigue  resistance  occurs  in  specimens  with  atrooo  con¬ 
centration  (sharp  notohes)  when  tooted  in  air.  Tho  effec¬ 
tive  otrecs  concentration  factor  (the  ratio.-' of  fatigue 
limit  of  smooth  to  notched  specimens)  is  Ke=2.  A  greater 

decrease  in  the  corrosion-fatigue  resistance  with  notched 
specimens  lo  observed  in  salt  water.  Under  those  condi¬ 
tions,  the  value  of  tho  corrosion  fatigue  strength  based 

on  10^  cycles  was  only  8-10  kg/nn^.  whereas  for  smooth 
j;  'clmena  under  the  came  conditions  the  valno  of  the  cor- 

rool on-fa tlguo  strength  io  equal  to  18-25  kg/en^. 

Th®  doer oa do  in  corrosion- fatigue  strength  of  notched 
specimens  is  apparently  connected  with  the  corrosion  pro- 
coos  at  the  root  of  tho  notch  ao  a  result  of  tho  iopodod 
c-sygoa  supply,  no co sunny  for  tho  rootoratien  of  a  pretoo- 
tive  oxide  film. 
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